This study determined the effects of simulated technique manipulations on early acceleration 2 performance. A planar seven-segment angle-driven model was developed and quantitatively 3 evaluated based on the agreement of its output to empirical data from an international-level 4 male sprinter (100 m personal best = 10.28 s). The model was then applied to independently 5 assess the effects of manipulating touchdown distance (horizontal distance between the foot 6 and centre of mass) and range of ankle joint dorsiflexion during early stance on horizontal 7 external power production during stance. The model matched the empirical data with a mean 8 difference of 5.2%. When the foot was placed progressively further forward at touchdown, 9 horizontal power production continually reduced. When the foot was placed further back, 10 power production initially increased (a peak increase of 0.7% occurred at 0.02 m further 11 back) but decreased as the foot continued to touchdown further back. When the range of 12 dorsiflexion during early stance was reduced, exponential increases in performance were 13 observed. Increasing negative touchdown distance directs the ground reaction force more 14 horizontally; however, a limit to the associated performance benefit exists. Reducing 15 dorsiflexion, which required achievable increases in the peak ankle plantar flexor moment, 16 appears potentially beneficial for improving early acceleration performance. 
Introduction 23
Sprinting is a pure athletic endeavour where overall performance is determined by the ability 24 to cover a short distance in the least possible time. The margins of success in international 25 sprinting are often small and technique adjustments which could result in slight performance 26 improvements are therefore of great interest to coaches and athletes. It has been demonstrated 27 that the production of maximum external power from the very first step of a sprint is the most 28 favourable strategy for optimum overall sprint performance (de Koning . These studies identified that the ability to direct the resultant ground 36 reaction force (GRF) vector in a more horizontal direction was associated with higher levels 37 of sprint acceleration performance, whereas the magnitude of the GRF vector was not. 38
Furthermore, Kugler and Janshen (2010) suggested that a greater negative touchdown 39 distance, i.e. planting the stance foot more posterior relative to the centre of mass (CM) at 40 touchdown, facilitated a forward leaning position and the generation of greater horizontal 41 propulsive forces. The knee joint has been linked to forward lean during the first stance phase 42 of touchdown distance on early acceleration performance are related to knee joint mechanicsat touchdown. Whilst it has been proposed that a large negative touchdown distance is
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The raw video files were imported into digitising software (Peak Motus ® , v. 8.5, Vicon, 124
Oxford, UK), and were manually digitised at full resolution with a zoom factor of 2.0. For the 125 200 Hz cameras, twenty anatomical points were digitised (vertex, C7, shoulder, elbow, wrist, 126 hip, knee, ankle and metatarsal-phalangeal (MTP) joint centres, fingertips and toes) from 10 127 frames prior to movement onset until 10 frames after first stance toe-off. For the 1000 Hz 128 camera, the 5 th MTP joint centre and toe were digitised from 10 frames prior to touchdown 129 until 10 frames after toe-off. The raw digitised co-ordinates were projectively scaled and the 130 resulting raw displacement time-histories were exported from Peak Motus ® for subsequent 131 analysis in Matlab™ (v. 7.4.0, The MathWorks™, Natick, MA, USA). 132
133
The raw horizontal and vertical displacement time-histories from the 200 Hz cameras were 134 digitally filtered using a fourth-order Butterworth filter at 24 Hz. The filtered displacement 135 data were combined with individual-specific segmental inertia data obtained from 95 direct 136 measurements on the sprinter (Yeadon, 1990) . The mass of each foot was increased by 0.2 kg 137 to account for the spiked shoes and the division of spike mass was determined directly from 138 the ratio of forefoot:rearfoot length. Whole body CM displacement time-histories were then 139 calculated using the summation of segmental moments approach (Winter, 2005) . Joint angles 140 were determined and were resampled at 1000 Hz using an interpolating cubic spline before 141 their derivatives were numerically determined. Touchdown distance was determined as the 142 horizontal distance between the whole body CM and stance MTP at touchdown (recognised 143 by vertical force increasing and remaining more than two standard deviations above the zero 144 load level), with negative values indicating the MTP was behind the CM. stance thigh and swing thigh segments. The swing foot was incorporated into the swing shank 152 segment, and the head, arms and trunk were combined into a single segment (Figure 1a) . The 153 properties of each segment were defined based on the individual-specific segmental inertia 154 data. Segments were connected at revolute joints which permitted motion in the sagittal 155 plane. Ground contact was modelled at each end of the forefoot segment (i.e. beneath the 156 distal end of the toe and the MTP joint) using spring-damper systems which represented the 157 combined visco-elasticity of the soft tissue, spiked shoe and track surface (Figure 1b) . The 158 damping terms were additionally dependent on spring length because damping increases as a 159 spring compresses (i.e. as an increased area of the spiked shoe and track come into contact) 160 and to avoid discontinuity in the forces at touchdown (Marhefka & Orin, 1996) . Furthermore, 161 the horizontal spring-damper systems included a term related to the vertical spring 162 displacement because larger horizontal forces are required to achieve a given horizontal 163 displacement when vertical spring compression is greater due to greater frictional forces 164 To quantify the robustness of the optimised foot-ground interface parameters, an independent 217 re-optimisation analysis was undertaken using the optimised spring-damper coefficients 218 obtained from the two empirical trials which were not used in the initial evaluation (i.e. Trials 219 2 and 3). These coefficients were independently determined using the same methods as 220 previously outlined, and were then used in the foot-ground interface alongside the remaining 221 input data from Trial 1, which was again allowed to vary within the previously described pre-222 determined limits. The accuracy of this match was evaluated using the five criteria described 223 in Table 1 . 224 225 **** Table 1 near here**** 226
227

Simulations using the model 228
To determine the effects of touchdown distance on average horizontal external power 229 production during the first stance phase, the initial knee joint angle was systematically varied 230 at touchdown by ±10° in 1° increments. This varied touchdown distance from -0.9 to 231 -14.1 cm (an increasingly negative number represents the foot further behind the CM at 232 touchdown; touchdown distance was -7.3 cm in the matched optimisation). Manipulations 233 were made to the knee joint due to its aforementioned importance in the first stance phase 234 Table 2 . When assessing the foot-ground interface parameters, the 259 overall evaluation scores for the two independent evaluations using the spring-damper 260 coefficients from the matching optimisations of Trials 2 and 3 with the remaining input data 261 from Trial 1 were 7.4% and 7.0%. Values for the five individual criteria from each of these 262 independent evaluations are presented in Table 3 . distance as a specific technical factor which affects the ratio of force produced. Given that 328 horizontal external power exhibited a curvilinear relationship with touchdown distance, 329 continuing to increase the ratio of force through greater negative touchdown distances did not 330 lead to continued performance improvements. Further analysis of the model outputs revealed 331 that the magnitude of the stance-averaged resultant GRF production was less at the greater 332 negative touchdown distances where the ratio of force was highest. During sprint 333 acceleration, it has been suggested that provided sufficient vertical impulse is produced, all 334 remaining strength should be directed towards the production of propulsive horizontal 335 impulse (Hunter, Marshall, & McNair, 2005) . The reduction in horizontal external power 336 production as touchdown distance became increasingly negative could therefore be reflective 337 of an inability of the sprinter to generate sufficient vertical impulse from this touchdown 338 position. It is conceivable that the body configurations at the larger negative touchdown 339 distances are associated with poor force producing capabilities per se but further investigation 340 is needed as factors such as specific muscle length and velocity changes cannot be accounted 341 for with the current modelling approach. Coaches and researchers should be encouraged to 342 explore strategies for manipulating foot placement with a view to finding the optimum 343 touchdown distance for a given sprinter. Although the trajectory of the CM is not visible to 344 coaches, its path during the first flight phase is fully determined at block exit. This first flight 345 phase provides sufficient duration (Bezodis, Salo, & Trewartha, 2015) for technicaladjustments at the leading swing knee to alter the location of the foot relative to the CM at 347 touchdown. However, caution is advised not to over-increase the negative touchdown 348 distance as placing the foot too posteriorly may be detrimental to performance. spring-damper coefficients (Table 2 ) cannot be directly compared to previously published 381
angle-driven models containing ground contact due to the model-specific nature of the foot-382 ground interface (i.e. two-segment structure of the foot, dependence of damping terms on 383 spring lengths, dependence of horizontal springs on vertical spring displacements in the 384 current model). The values obtained offer a sensible and relatively consistent representation 385 of ground contact with large horizontal forces consistently generated in the toe springs and 386 large vertical forces consistently due to the stiffness of the MTP springs once the MTP had 387 made contact with the ground (Table 2) . Ultimately, the appropriateness of the foot-ground 388 interface should be considered in the context of modelled GRF profiles. The current 389 evaluation score for GRF accuracy (8.3%) compares favourably against previous angle-390 driven models which have used a single-segment foot to model ground contact and returned 391 values of 9 to 22% using an identical GRF accuracy criterion (Gittoes et al. 
